The expansion dynamics of the plasma produced by excimer laser ablation of BaTiO 3 has been studied by spatially resolved optical emission spectroscopy over a broad gas pressure range (10 Ϫ7 -40 mbar͒, the gas being either reactive ͑oxygen͒ or inert ͑argon͒. The results obtained in both environments are qualitatively similar and they show that there is a distance-related pressure threshold above which the expansion dynamics differ from that of the free-expansion regime observed in vacuum. Analysis of the results in the framework of the drag model as well as the shock wave model show that the plasma expansion can be well described by the drag model for the initial stages of the expansion, whereas a delayed shock wave model is required for long distances to the target or high gas pressure.
INTRODUCTION
Ferroelectric materials are very attractive for different technological applications such as nonvolatile random access memories, capacitors, surface acoustic wave devices, and nonlinear optical devices, among others.
1 Many ferroelectrics, including BaTiO 3 , have a perovskite-type crystalline structure that is similar to that of the high-T c superconductors ͑HTSC͒.
1, 2 The success of pulsed laser deposition in producing HTSC films has, thus, heightened the interest in using this technique to produce films of materials with similar structure, such as ferroelectrics. 3 The plasma expansion dynamics produced by laser ablation of HTSC targets has been widely studied. [4] [5] [6] [7] [8] [9] These studies have shown that parameters such as the laser energy density or the gas pressure determine the nature, 6 ,10,11 kinetic energy, [7] [8] [9] 12 and distribution of species reaching the substrate, 12, 13 thus, influencing the morphology, homogeneity, and crystalline characteristics of the deposited films. [13] [14] [15] Similar results have already been reported for BaTiO 3 films, since the ferroelectric response, the refractive index, the composition, and the crystalline orientation of the films have been found to depend on the laser energy density and oxygen pressure. 2, [16] [17] [18] Therefore, the study of the influence of the gas pressure on the plasma expansion dynamics is an important issue to determine the optimum growth conditions for BaTiO 3 films.
In an earlier work, 18 we have reported that the change observed in the refractive index of BaTiO 3 films grown at gas pressures above 10 Ϫ1 mbar was related to a change in the plasma expansion dynamics for target-substrate distances greater than the plume length. The aim of this work is, thus, to analyze the expansion dynamics of the plasma generated by laser ablation of a BaTiO 3 target in the presence of either a reactive ͑O 2 ) or inert ͑Ar͒ gas over a wide pressure range (10 Ϫ7 -40 mbar͒. The nature and velocity of the species ejected from the target have been studied by spatially resolved real-time emission spectroscopy. The results are analyzed in the framework of the drag and shock wave models, with the range of validity of both models being discussed.
EXPERIMENT
Laser ablation of BaTiO 3 has been carried out using an ArF excimer laser ͑ϭ193 nm, ϭ12 ns full width at halfmaximum͒. The target is mounted in a rotating holder and placed in a vacuum chamber evacuated to a residual pressure of 10 Ϫ7 mbar. The laser beam is focused on the surface of the target at an incidence angle of 45°giving a laser energy density of 2 J/cm 2 . In order to study the influence of gas pressure on the plasma expansion dynamics, either oxygen or argon is dynamically allowed in the chamber up to pressures of 40 mbar.
The plasma formed during the laser ablation process is analyzed by means of spatially resolved real-time emission spectroscopy in the spectral range 380-620 nm and at different distances from the target ͑0-20 mm͒. The plasma emission is imaged onto the entrance slit of a SPEX spectrometer with magnification of ϫ2. Depending on the distance to the target (d), two different slit widths were considered in order to improve the signal-to-noise ratio. The resulting spectral and spatial resolutions were: 0.03 nm and 60 m for dϽ14 mm and 0.1 nm and 130 m for long distances. As has been described elsewhere, 8, 13, 19 the light emitted is collected by a photomultiplier ͑15 ns rise time͒ that is connected to a boxcar averager for spectrum recording, or to a 500 MHz digitizer for transient emission measurements. Figure 1 shows an emission spectrum recorded in vacuum at a distance of 2.4 mm from the target. There are a larger number of lines, most of them related to neutrals ͑Ba*, Ti*͒ and ions ͑Ba ϩ *,Ti 21 and those studied on this work are marked with an arrow in Fig. 1 . ' Table I summarizes the emission lines studied in this work, along with the electronic transition responsible for their presence and the lifetime of the excited state. 22 A strong contribution from the continuum emission overlaps that of the excited species in the neighborhood of the target (dϽ0.5 mm͒. This contribution has been reported during ablation of several materials and it disappears when increasing the distance from the target. 7, 8, 19 Figure 2 shows emission transients corresponding to the emission line at 553.6 nm ͑Ba*͒ recorded at a distance of 4 mm from the target in different environments: vacuum, 1 mbar of oxygen and 20 mbar of oxygen. It is clearly seen that the presence of an atmosphere has a strong influence on the observed emission. Both the emission intensity maximum (I M ) and the time at which this maximum is observed (t M ) are pressure dependent. Moreover, increasing the gas pressure also produces a broadening of the emission transients.
RESULTS
The dependence of I M and t M on the oxygen pressure for the line at 553. respectively, for three distances from the target: 4, 15, and 20 mm. Note that the high I M values for 20 and 15 mm are not in the same scale than those for 4 mm, since in the former two cases it was necessary to increase the width of the spectrometer slit to improve the signal-to-noise ratio. In all cases, I M increases with oxygen pressure up to a maximum value that depends on the distance from the target, and then decreases sharply to zero for higher pressures. Both the pressure at which the maximum of I M is observed and that at which I M becomes zero depend on the distance from the target; the higher the distance the lower the pressure. Figure  3͑b͒ shows that t M remains constant and close to the value obtained in vacuum, up to a pressure threshold that again depends on the distance to the target. For pressures above this threshold, t M increases sharply, this increase being consistent with the reduction in the ejected species velocity that has been widely reported in the literature in the presence of a gas environment. 4, 5, [7] [8] [9] 12 Figure 3͑b͒ includes the t M values not only for the emission line at 553.6 nm ͑Ba*͒, but also for that at 493.4 nm ͑Ba ϩ *). It is clearly seen that the results are very similar for both species, with the same results observed both for the maximum emission intensity curve, which is not shown in Fig. 3͑a͒ , and for the other species studied.
The influence of the gas pressure on I M and t M for the different emission lines considered in Table I has been also studied in an argon environment. The results obtained in argon and oxygen show similar features as can be seen in Fig.  4 , where the dependence of I M on the gas pressure for both argon and oxygen is shown for the emission line at 553.6 nm ͑Ba*͒ at 4 and 13 mm from the target. Although the emission is detected over a similar pressure range for the two gas environments, the relative increase of I M with respect to the emission detected in vacuum depends on the nature of the gas, this increase being higher in argon than in oxygen. This result is similar to that reported earlier during laser ablation of HTCS. Ϫ1 mbar ͓Fig. 5͑a͔͒ and 1 mbar ͓Fig. 5͑b͔͒. The results obtained in vacuum are also included for comparison and they show a linear dependence over the whole range of distances for which emission could be detected. When an oxygen pressure is applied, the emission can be detected at greater distances ͑ϳ20 mm͒ and higher delays ͑ϳ5 s͒ than in vacuum ͑ϳ10 mm and 1 s͒. The dependence is no longer linear for distances d Ͼ 10 mm at an oxygen pressure of 10 Ϫ1 mbar, or at shorter distances for higher pressures. Similar features are observed for the other emission lines studied or when the gas was changed to argon. The velocities calculated from the slope (d/t M ) in the linear region are in the range 10-13 ϫ10 5 cm/s for neutrals and 13-14 ϫ 10 5 cm/s for ions. The results obtained in a gas pressure are, thus, consistent with a slowing down of the ejected species due to interactions with the gas species as has been pointed out above and widely reported.
DISCUSSION
The results presented here clearly show that the plasma expansion dynamics are strongly affected by the presence of a gas environment. The emission intensity (I M ) increases significantly above a pressure threshold and is independent of the reactive or inert character of the gas environment ͓Figs. 3͑a͒ and 4͔. The lifetime ͑͒ of the excited states studied, shown in Table I , is always of the order of tenths of ns while the time at which the maximum emission is observed (t M ) in the presence of a gas environment is of the order of a few s ͓Fig. 3͑b͔͒. Since Ӷt M , the observed intensity increase for pressures above a threshold value has to be related to species that have been excited during the plasma expansion due to either collisional excitations or to electronimpact excitation or to recombination. 8, 23, 24 The ionization of the gas species provides the necessary free electrons to promote excitation phenomena, and thus, an increase in the emission intensity. 12, 24 Nevertheless, the emission intensity decreases above a pressure threshold that depends on the distance from the target. This behavior has been observed before 23, 24 and has been attributed to different processes such as electron impact ionization of metastable species (A* ϩ e Ϫ →A ϩ ϩ 2e Ϫ ), collisional quenching (A* ϩ M slow →A ϩ ϩ M fast ) ͑Refs. 12 and 23͒, or the confinement of the plasma to a limited region at high gas pressures. 6, 8, 24 The former two processes lead to the formation of ionized species and should induce an increase in their emission intensity that is not experimentally observed. The latter process is, therefore, more likely and is in good agreement with the sharp increase of t M observed at high gas pressures ͓Fig. 3͑b͔͒. If we assume that the amount of material ejected per pulse does not depend on the gas pressure, the observed increase of t M suggests that the plasma expands more slowly at high pressures. The density of the plasma is, thus, increased in the region close to the target, promoting the confinement of the plasma. If the pressure is high enough, this confinement will become more evident and will be limited to a finite region close to the target; therefore, the emission observed at longer distances from the target would tend to disappear. This reasoning is in very good agreement with the behavior observed experimentally and shown in Fig. 3͑a͒ : when the pressure increases, the density of excited species ͑related to I M ͒ at long distances ͑i.e., 20 mm͒ is much lower than at short distances ͑i.e., 4 mm͒. For the highest pressure ͑40 mbar͒, the plasma has been confined to distances from the target of less than 4 mm, and consequently, no emission is detected even at this distance.
The sharp increase of t M above a threshold of pressure ͓Fig. 3͑b͔͒ or distance ͑Fig. 5͒ is a clear indication that the plasma expansion dynamics in the presence of a gas change with respect to the free-expansion dynamics followed in vacuum or for low pressures/short distances. 4, 5, 7, 8, 24 Under these conditions, the plasma expansion process in a gas environment has been analyzed in terms of different models depending on the pressure range. For the early stages of expansion and at low pressures ͑Ͻ1 mbar͒, a drag model has been considered, 7 which accounts for the scattering of the ejected species by the gas atoms or molecules. 7, 8, 10, 12 In this model, the ejected species are considered as an ensemble that experiences a viscous force proportional to its velocity. The distance d from the target surface can be expressed as a function of the time t at which the maximum of the transient emission is observed according to the following equation:
where ␤ is the slowing coefficient, d f is the stopping distance of the plume, and d 0 is a boundary condition to take into account the fact that it is necessary to wait a certain time interval, of the order of the lifetime of the excited state, before emission occurs at d ϭ 0 ͑Ref. 8͒. The best fits to the experimental results shown in Fig. 5 are also included in Fig.  5 , and it is clearly seen that the agreement is excellent for the initial states. For a pressure of 1 mbar ͓Fig. 5͑b͔͒ and for times longer than 4 s, the drag model predicts distances slightly shorter than those observed experimentally. The stopping distance ͑or length͒ of the plume obtained from this model is 26 or 15 mm for oxygen pressures of 10 Ϫ1 or 1 mbar, respectively. These results are nevertheless in contradiction with the experimental results reported in the literature, 2, 16, 18 which show that BaTiO 3 films can be grown under similar experimental conditions on substrates located at distances to the target larger than ϳ26 mm.
At higher pressures, the formation of a blast wave has been observed. 4, 5, 25 Under these conditions the shock wave model describes well the plasma expansion for a limited range of distances that depend on the gas pressure 4, 5, 7 and is determined by ͑a͒ the distance from the target at which the mass of the gas displaced by the ejected material is much higher than the mass of the ejected material and ͑b͒ the distance from the target at which the plasma pressure becomes similar to the pressure of the gas environment. The expression for the shock wave is
where d, d 0 and t denote the same parameters as in ͑1͒, k is a constant proportional to the laser energy density, and p is the gas pressure. If one takes into account that the shock wave model can strictly be applied only after the mass of the gas surrounding the shock wave is higher than the mass of the ablated material 5, 7 ͑i.e., a time t s after the laser pulse͒, a delayed shock wave should be considered as has been suggested elsewhere. 25 In this case, the expression for the shock wave becomes
Ϫd 0 ͑2a͒
where all the symbols denote the same parameters as in Eq. ͑2͒ and t s is the boundary condition for the delayed shock wave. The delayed shock wave model fits the experimental results shown in Fig. 5 very well for times above thresholds of 0.80 and 0.49 s for oxygen pressures of 10 Ϫ1 and 1 mbar, respectively. Extrapolating the simulations to long distances/times, it is clearly seen that the shock wave model predicts an increasing function that is in contrast to the tendency to saturation predicted by the drag model. There is, thus, no limit to the plume length within the framework of the delayed shock wave model for pressures of 10 Ϫ1 mbar, which is consistent with the results obtained during the growth of the BaTiO 3 films mentioned above. 2, 16, 18 A comparison of the fit of the experimental results to the two models considered shows clearly that the drag and shock wave models are valid for the initial and final stages of the expansion dynamics, respectively, with an intermediate distance/time interval existing in which both models fit the experimental results reasonably well. The limits of applicability of each model and the common interval in which both models can be applied clearly depend on the gas pressure.
The sharp increase of t M shown in Fig. 3͑b͒ suggested a change in the plasma expansion dynamics that depends on the relationship between the pressure and the distance from the target. There is a first pressure interval seen in Fig. 3͑b͒ in which the values of t M show only a slight increase with pressure ͑i.e., pressures lower than 5 mbar for dϭ4 mm͒. For higher pressures, a sharp increase of t M is observed and, therefore, it is for these high pressures for which the shock wave model most likely applies. From Eq. ͑2͒, it is then possible to obtain the dependence of t M on pressure for a fixed distance 5, 8 tϭ͑d
where all the symbols denote the same parameters as in ͑2͒, d 0 has been neglected since d 0 Ӷ d, and the term p s has been introduced to account for the pressure threshold above which the shock wave is observed at the distance d from the target. Figure 6 shows both the experimental results obtained for the emission line at 553.5 nm ͑Ba*͒ and the theoretical fits achieved using Eq. ͑3͒. It is clearly seen that the shock wave model fits the experimental results very well above the distance-related pressure thresholds (p s ), which decrease as the distance from the target increases ͑compare p s ϭ8 mbar at 4 mm to 4 ϫ 10 Ϫ2 mbar at 20 mm͒. It can, thus, be concluded that the shock wave model describes very well the existence of distance-related pressure thresholds above which the delays diverge from those observed in the freeexpansion regime occurring in vacuum.
CONCLUSIONS
The comparison of the emission spectra obtained during the ablation of BaTiO 3 in vacuum, oxygen, and inert argon shows the same emission lines, the change in their intensity being the only new feature observed. A distance-related pressure threshold is observed above which a decrease of the emission intensity and a slowing down of the ejected species takes place, thus, suggesting a confinement of the plasma to regions close to the target for high pressures.
The slowing down of the ejected species has been analyzed within the framework of the drag and shock wave models. It is concluded that the drag model describes well the early stages of the expansion dynamics ͑short distances͒ whereas a delayed shock wave model is required for the final stages ͑large distances͒, the distance range of applicability of each model being pressure dependent. Moreover, the delayed shock wave model is also appropriate to describe the slowing down of the ejected species above the distance-related pressure threshold. 
